Historical Background Before the Electron Microscope E A R L Y I D E A S :
The existence of some kind of membrane structure that bounds cells was implicitly recognized as soon as the cell concept was defined by Schleiden and Schwann in 1839 (36) . Bowman in 1840 (37) was one of the first to depict such a structure as an anatomical entity in his drawings of the sarcolemma. The earliest intimations that the membrane contained lipid came from the work of Overton in 1895 (38, 39) . The essential point was the discovery that lipid-soluble molecules penetrated into cells more easily. J. Bernstein developed the hypothesis, definitively presented in 1902 (40) but intimated as early as 1868 (41) , that living cells consisted ofan electrolyte interior surrounded by a thin membrane relatively impermeable to ions. He also postulated that there was an electrical potential difference across the membrane at rest, and that during activity the ion permeability barrier was reduced to a relatively low value. The proof of the essential correctness of Bernstein's main point came in 1910--1913 with the experiments of Hober (42) (43) (44) , who measured the electrical resistance to an alternating current of a mass of red blood cells centrifuged in sucrose . He found that at 1 kilocycle/s the resistance was high (-1,200 SZcm) but that it became much lower (-200 Stcm) at 10 megacycles/s. The latter is the resistance of a 0.4% NaCl solution. After hemolysis and treatment with saponin, the same low resistance was found at both low and high frequenices . Fricke in 1923 (45, 46) measured the capacitance of the red blood cell membrane to be 0.81 tAF/cm 2. He supposed the membrane to be an oil film with a dielectric constant of 3 and so calculated the thickness to be 33 A. This was the first indication that a membrane might be ofmolecular dimensions. Many membranes, though not all, were subsequently found to have a capacitance of -1 uF/cm2, a first intimation of the existence of some kind of unitary structure. 10-7 cm. Devaux (48) did much pioneering work on oil films on water as well as protein monolayers at both air-water and oil-water interfaces. Langmuir (49) in 1917 (cf. Harkins [50] [51] ) showed that some lipid molecules were amphiphilic (52) , in having a polar head and a nonpolar carbon chain. When spread at an air-water interface, they formed a monolayer on the surface and affected the surface tension . When a surface barrier was moved so as to reduce the area while measuring force, a characteristic force/area curve was obtained. A minimal area was reached at which the force was maximal and then the film collapsed, as evidenced by a break in the curve. Langmuir interpreted these findings correctly as showing that the lipid molecules were amphiphilic . At a low surface pressure they were randomly arranged in the water surface, but upon being pushed close together by the moving barrier, they formed a structure like a picket fence with their polar heads in the water and their nonpolar carbon chains pointed into the air . He calculated the area/molecule of a variety offatty acids and other substances.
T H E L I P I D B I LAY E R : In 1925 Goiter and Grendel (53) extracted the lipid from a known number of red blood cells, calculated the total cell area, and found the measured minimal area of the total lipids compressed on a monolayer trough to be twice this value. This led to the bilayer concept. The extraction procedure did not extract all of the lipids, but this was compensated by underestimation of the cell area. This work provided the first suggestion that a lipid bilayer might be a fundamental feature of biological membranes, but no effort was made to generalize. Schmitt et al. in 1937 Schmitt et al. in -1938 studied erythrocyte ghost membranes in polarized light and concluded that they contained lipid molecules oriented perpendicular to the plane of the membrane as would be expected if a lipid bilayer were present .
BIOPHYSICAL PROPERTIES OF MEMBRANES

Fluidity
During the 1930s, Chambers and Kopac (56, 57) showed that an oil droplet applied to the surface of a denuded marine egg quickly passed through the surface and appeared as a droplet on the cytoplasmic side. They also noted that, if two such droplets were applied on different areas and the seawater was agitated, the droplets moved relative to one another, indicating that the membrane was fluid (58) .
Surface Properties Mudd and Mudd in 1931 (59) did a revealing experiment on red blood cells (cf. 60) . They examined microscopically a droplet of blood on a glass slide in contact with an oil droplet under a coverslip . The white cells remained in the water phase, but some red blood cells entered the oil phase, showing that their surfaces were relatively hydrophobic. These observations indicated that the external surface of the erythrocyte membrane was covered bymaterial, probably protein, which could become predominantly hydrophobic . This means that hydrophobic bonding of a protein to a membrane surface does not necessarily require bonding to lipid .
In 1932 Cole (61) measured the surface tension of starfish egg membranes. He determined the force required to compress an egg between two glass coverslips and calculated surface tension values of -0 .1 dyn/cm. Harvey and Shapiro (62) found similar values by measuring the surface tension of oil droplets within cells with the centrifuge microscope . These low values seemed strange because people were thinking of cell membranes as thin, oily films and the surface tension values of oils were much higher . Danielli and Harvey in 1934 (63) studied oil droplets from mackerel eggs and found that after extensive washing they gave surface tension values of about 9 dyn/cm. When a cytoplasmic extract was added to the oil, the surface tension was lowered and they identified the agent responsible as protein .
The Devaux Effect
In 1938 Langmuir and Waugh (64) gave the name "Devaux effect" to a phenomenon related to the above. Devaux (65) simply shook a solution of albumen in water with benzene and noted that at a certain albumen concentration the benzene formed droplets and the albumen spread at the' oil-water interface into a monolayer. The surface tension at the resulting interface was obviously very low because the droplets spontaneously assumed peculiar shapes . Similarly, Danielli (66) found that proteins spread at an oil-water interface showed an initial marked fall in surface tension, which rose with time to a final value less than that of the oil-water interface alone .
Kopac (67) (68) reported that a droplet of oil injected into a protein solution soon became crenated, indicating the development of low surface tension because of the Devaux effect . Droplets microinjected into the cytoplasm of marine egg cells remained smooth and spherical . However, if the cell was pricked with a needle to cause cytolysis, the oil droplet immediately became crenated. Later Trurnit (69) made the relevant point the proteins in solution generally adsorb and spread at the air-water interface as well as any other high-tension surface . The fact that no such interfacial spreading occurred in the intact egg indicated that the egg cytoplasmic matrix did not contain protein molecules in simple solution.
All these experiments were important in the early evolution of thinking about membrane structure. Interestingly, the important point was missed that some natural phospholipids, e.g ., phosphatidyl choline (PC), in monolayers give quite low surface-tension values of <5 dyn/cm (70) . Synthetic dipalmitoyl lecithin at an air-water interface gives a surface-tension value that is hardly measurable (0-2 dyn/cm) (70, 71) . Phospholipids are the dominant lipids of biological membranes and one of 1905 THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 their functions may be to confer low surface-tension properties on membrane lipids. This could be important in preventing the denaturation of membrane proteins.
Membrane Capacitance
In 1950 Cole and Curtis (72) tabulated the known values of membrane capacitance, ranging from 0 .81 AF/cm' for the human erythrocyte membrane through 9 .0 ,uF/cm 2 for cow erythrocytes to 0 .0121uF/cm 2 for frog peroneal nerve. Cole in 1935 (73) made the surprising observation that sea urchin eggs, normally having a capacitance of 1 gF/cm2, displayed lower values when swollen. He expected the reverse because of the thinning of the membrane. Instead, the lower values suggested thickening. His findings were confirmed by lida (74, 75) who showed the phenomenon to be reversible . High capacitance values were also obtained for skeletal muscle fibers by Katz (76) .
The reason for some of the variations in membrane capacitance was elucidated by Lord Rothschild in 1957 (77) . He showed that there was an error in the calculation of the area of egg membranes . By electron microscopy he found that the surface membrane was thrown into minute folds not apparent by light microscopy, thus increasing greatly the actual surface area. Similarly, with our understanding of the T system in skeletal muscle fibers (78) (79) (80) (81) , it became known in the late 1950s that the actual measured areas of muscle fibers used in calculating membrane capacitance were wrong because the T system was not taken into account .
THE DANIELLI-DAVSON MODEL : In 1935, Danielli and Davson (82) presented a model of cell membrane structure which they later generalized (58) into the "pauci-molecular" theory that stated that all biological membranes had a "lipoid" core bordered by monolayers of lipid with the lipid polar heads pointed outward and covered by protein monolayers (Fig. 1) . In 1943 (Fig. 16 b in reference 58) they presented a detailed molecular diagram showing hydrophobic amino acid sidechains penetrating between lipid headgroups and lying between the carbon chains of lipid molecules in a relationship that would result in hydrophobic bonding .
The pauci-molecular theory provided the major membrane paradigm into the 1950s. The original theory did not specify the bilayer as a general structure, although Danielli clearly favored it and, in one of his later diagrams (83) , he drew transmembrane polypeptide chains arranged with their polar groups apposed so as to make a polar transmembrane channel .
In a paper published in 1935 on the thickness of the red blood cell membrane, Danielli (84) discussed Fricke's choice of a value of 3 for the dielectric constant . He noted that the value depends on the orientation of the dipoles in the film and indicated that higher values, up to 6.7, could occur . This would require a larger thickness value for the membrane for a given measured capacitance. Perhaps this is why the model was thicker than one bilayer. In 1936, Danielli (85) drew a number of models varying from a single lipid monolayer to the thicker original model. The cautious way in which this problem was treated illustrates the uncertainty about membrane thickness of the period .
In 1949, Waugh and Schmitt (86) measured the thickness of erythrocyte membranes with the "analytical leptoscope." Their results, though compatible with a single bilayer, were not unambiguous and were restricted to erythrocyte membranes . Thus, it seems fair to say that the single bilayer model, which Danielli clearly favored, was based on good evidence for the erythrocyte membrane, whereas no hard evidence for a generalization of the bilayer existed.
The Early Electron Microscope Period THE UNIT MEMBRANE MODEL :
Inthe 1950stheelec-tron microscope made it possible to look profitably at sectioned cells at resolutions better than 50A. The introduction of potassium permanganate as a fixing agent by Luft (87) and epoxy resins as embedding materials by Glauert et al . (88) led to visualization of the cell membrane as a triple-layered structure -75A thick consisting of two dense strata, each about 25A thick, bordering a light central zone of about equal thickness . This triple-layered pattern was observed in nerve fibers (89) (90) (91) (92) and in other tissues (93) (94) (95) (96) (97) . Figure 2 is an electron micrograph of a human erythrocyte membrane fixed with glutaraldehyde, embedded in polyglutaraldehyde by the glutaraldehyde-carbohydrazide (GACH) method (98) , and stained with uranyl and lead salts. The overall thickness is -100A. The bilayer core is the clear stratum -r40A thick between the two dense surface strata. The core of the bilayer does not take up heavy-metal strains because it is hydrophobic. It consists mainly of the hydrocarbon chains of lipid molecules and the hydrophobic polypeptide chains of integral membrane proteins. The surface strata are hydrophilic and take up the stains avidly . The hydrophilic structures are the polar heads of lipid molecules, protein molecules, and, in the outside surface, carbohydrate residues. Asymmetry is not revealed by this method .
A similar, but thinner, triple-layered pattern was also observed in model systems consisting of smectic fluid crystals of phospholipids (94) (95) (96) . When these were hydrated, the individual bilayers appeared as pairs of dense strata separated by a light central zone, in this way looking very much like cell membranes but definitely thinner. This finding meant that heavy-metal atoms accumulated in the polar head regions of the lipid molecules although the primary reaction of OS0 4 was with the double bonds of the lipid carbon chains (99) . Single bilayers did not appear as single, dense strata but always as a pair of dense strata making a triple-layered structure . This was rationalized (5, (94) (95) (96) (97) by assuming that the primary reaction product of the Criegee reaction, OSO3, because it is more polar than OS04, must be driven out of the hydrophobic interior of the membrane and become adsorbed in the polar regions, increasing the relative density there by adding to density caused by direct reaction of head groups constituents. Stoeckenius (100) later performed some experiments based on the work of Luzatti and Husson (101) on model lipids, and confirmed this interpretation .
In 1954, Geren (102) postulated that the nerve myelin sheath might consist of a spirally wrapped mesaxon ; in 1955 (103), both outer and inner mesaxons were observed to connect a fully developed myelin sheath with the inner and outer surfaces of the Schwann cell, proving her theory. The application of permanganate fixation and epoxy embedding to developing mouse sciatic nerve fibers showed the mesaxon clearly as two triple-layered membranes united along their external surfaces, and also showed that compact myelin resulted from the close apposition of the cytoplasmic surfaces of the membranes of the mesaxon . At the time, there was a tentative molecular model of the radially repeating unit of the myelin sheath (104) (105) (106) . Inasmuch as the mesaxon was obviously the repeating unit, it was possible to identify the strata within compact myelin in molecular terms (92) (93) (94) (95) . This analysis indicated that the Schwann cell membrane was a lipid bilayer covered by monolayers of nonlipids on either side, as in Fig. 3 . The validity of this analysis was confirmed later by X-ray diffraction studies when the phase problem was solved at a resolution of -30A by Moody (107) and by Caspar and Kirschner (108) at higher resolution .
It was also possible to deduce from the structure of the myelin sheath, as well as from its staining characteristics observed by electron microscopy, that the outer surface of the membrane was chemically different from the inner surface . Two unit membranes were included in one radial repeating unit, which showed that there had to be a difference between the inside and outside surfaces of the membrane, Finean's "difference factor" (105) . There was a good reason for generalization of the idea of membrane asymmetry . The external FIGURE 2 Electron micrograph of a human erythrocyte membrane fixed with glutaraldehyde embedded in polyglutaraldehyde by the GACH method (98) and stained with uranyl and lead salts. The membrane consists of two dense strata separated by a light central zone . The overall thickness is about 130-140 A in this preparation . This is higher than is seen after OS0 4 fixation and the high value is probably due to some displacements due to sectioning as is common in GACH embedded specimens not postfixed with Os04 and Ru04 . stratum of the Schwann cell membrane in OSO 4 -fixed myelin often appeared to be fragmented. At the free surface of the Schwann cell, as well as other cells, OsO4 alone usually preserved only the cytoplasmic dense stratum, whereas KMn04 preserved both strata. Revel et al. (109) reported that glycogen granules in liver cells were not well fixed with OS0 4 but were well preserved with KMn04, fitting the view that the outer surface of membranes contained carbohydrate (93) (94) (95) (96) (97) .
A survey conducted of many different tissues, in several different animals in different phyla and bacteria, showed that the triple-layered pattern could be demonstrated with KMn04 in all cellular membranes whether at the surface or in membranous organelles (93) . It was concluded that all biological membranes consisted of the same kind of fundamental structural pattern, i .e., a lipid bilayer arranged with the polar heads of the lipid molecules pointing outward and covered by monolayers of nonlipid with a preponderance of carbohydrate in the external surface, as in Fig . 3 . In that this structure was the repeating unit of myelin and of all membranous structures of cells, it was called a "unit" membrane. The unit-membrane theory (89, (93) (94) (95) (96) (97) 110 ) introduced a new paradigm that was useful for about 15 years . The model built on the earlier Danielli-Davson model by adding two new concepts: it proved the universality of the single bilayer and introduced for the first time the idea of chemical asymmetry, neither of which were features of the earlier model . To be sure, Danielli clearly believed the bilayer to be the dominant structure and he deserves credit for this. He even guessed the existence of transmembrane proteins.
In 1966, the unit-membrane paradigm came under attack (111) because it was believed that the structure of cell membranes must be more complicated than the theory seemed to imply. In pointing to the fact that all membranes had the same kind of basic structural plan, the impression was given that all membranes were molecularly identical . This was, of course, a complete misunderstanding (96) . The unit-membrane model was incomplete in that it did not deal with membrane fluidity nor with the idea of penetrating proteins. It was deficient in that it implied that membrane proteins were unfolded in the same manner as proteins at air-water interfaces. However, its major features-the universality of the lipid bilayer and chemical asymmetry-are generally accepted today .
T
H E S U B U N I T M O D E L S :
Various alternative models in 1925 THE IOURNAL Of CELL BIOLOGY " VOLUME 91, 1981 which the bilayer was altered or interrupted in a variety of ways were proposed in the 1960s by Sjbstrand (112, 113) , Lenard and Singer (114) , Green and his colleagues (115, 116) , and Benson (117, 118) . The essence of these models was that the bilayer was not the dominant structure, but that lipid molecules were arranged in various patterns in the membrane . The Benson model was the most extreme; the membrane consisted of a thin layer of protein with lipid molecules simply intercalated in a variety of ways. The present-day Sjbstrand and Barajas models (119) (120) (121) are somewhat similar. These all fall more or less into the general rubric of "subunit" models, and the earlier ones were dealt with quite thoroughly in a review in 1969 by Stoeckenius and Engleman (14) , in which they concluded that the bilayer model was the only reasonable one . The basic fact here was that it was found impossible to break up any membrane structure into subunits of uniform composition that would reassemble into a functional membrane. Another problem was that this concept implied that membrane biogenesis occurred by additions of aliquots of components as aggregates of many molecules that served as building blocks for the whole structure . Studies of membrane biogenesis should then have shown evidence of parallel increases of at least some set of related components. No such increases were found . For example, Siekevitz, Palade, and coworkers (122) (123) (124) (125) (126) (127) (128) showed that individual nascent membrane proteins are inserted into developing membrane systems at different times, and that proteins in membranes turn over at different rates, independent of one another and independent of the turnover of membrane phospholipids .
The Modern Period FREEZE-FRACTURE-ETCH (FIFE) ELECTRON MICROS-
C o P Y : Freeze-fracture-etch electron microscopy has become important in structural studies of membranes . Steere introduced the FFE technique in 1957 (129) , and it was developed further in 1961 by Moor and Muhlethaler (130) , who noted that membranes fractured transversely give the same triple-layered unit membrane appearance found in sections . They believed that when the fracture plane followed the plane of the membrane it ran along its surface . Branton and his associates later (131) (132) (133) proposed that frozen biological membranes tend to fracture centrally, and noted that the fractured replicated surfaces displayed particles about 50-100th in diameter (Fig. 4) ; da Silva and Branton (134) proved that the particles were located inside the erythrocyte membrane by labeling the external surfaces with ferritin and identifying it in the external etch (ES) faces in a plane outside the particulate fracture faces. The particles were much more numerous on the protoplasmic (PF) than on the external fracture (EF) faces of erythrocyte membranes . Almost all fractured membranes showed this distribution of particles, but they were not usually observed in the nerve myelin sheath and in pure lipid model systems (135) (136) (137) (138) (139) (140) . Pits in the complementary fracture faces, although sometimes seen, were usually absent. Generally, retinal rod outer segment membranes also failed to show discrete particles (141) (142) (143) (144) (145) . THE protein was visualized as macromolecules embedded in the bilayer in an iceberglike fashion, penetrating either half or all the way through (Fig. 5) . The protein molecules traversing the bilayer were visualized by Singer (12) as having water-filled holes in their center that subserved membrane transport functions . The emphasis in this model was on an extreme degree of fluidity, based on the work of Frye and Edidin (147), demonstrating fluidity in membranes by a fluorescent dye-labeling technique. The protein molecules were visualized as being completely free to translate laterally in the liquid bilayer . The model offered a ready explanation for the presence of 50-100A intramembrane particles (IMPS) in FFE preparations, and it rapidly became the generally accepted membrane paradigm .
Some features of the original model need to be revised. For example, Singer has recognized the inadequacy of depicting the bilayer as a virtually naked structure. If membranes in vivo were generally naked lipid bilayers without continuous layers of protein on either surface, they would have the mechanochemical properties of lipid bilayers . Evans (148) and LaCelle (149) independently compared the mechanochemical properties of several different kinds of cell membranes with lipid bilayers and found them to be radically different . In 1974, Singer (12, 150) proposed that spectrin (151) made a meshwork on the cytoplasmic surface of the red cell membrane and restricted the motion of integral proteins . This added feature made the FM model compatible with the mechanochemical properties .
But an important problem still remained, because even today the model calls for the external surfaces of membranes to be mostly naked lipid bilayers. Conceivably, in some special cases like the purple membrane (2) with closely packed transmem- brane proteins, the lipid is naked in patches in vivo, but there is no firm evidence for this and certainly no basis for generalizing such a feature . To take the erythrocyte as an example, if the lipid were naked externally, one would expect to see essentially no differences in the susceptibility of intact red blood cells, ghosts, or lipid bilayers to phospholipases . This is not the case. Zwaal and Roelofson (152) reported that some phospholipases are active on intact erythrocyte membranes, some have little effect, but all are active on ghosts. Ottolenghi (153) has prepared a highly purified phospholipase AZ and found no effect at all on intact human erythrocytes, although ghosts were attacked readily . Adamich and Dennis (154) found that less than 1°Io of the phospholipids in intact erythrocytes were hydrolyzed by phospholipase A2, whereas 38% of the total phospholipids of ghosts were hydrolysed under the same conditions . It seems clear, then, that the intact erythrocyte membrane is definitely more resistant to phospholipases than are ghosts or lipid micelles. The lipid accessibility is much less than the FM model implies.
We shall now turn to a more detailed consideration of the currently accepted concepts of membrane structure . PRESENT 
CONCEPTS OF THE MOLECULAR ORGANIZATION OF MEMBRANES
General
It is now generally agreed that all biological membranes contain a lipid bilayer, as described above . The protein : lipid: carbohydrate ratios vary considerably by weight from membrane to membrane, ranging from 75:25 :0 with the purple membrane of Halobacterium halobium at one extreme, through 49:43 :8 for human erythrocytes, to 18 :79 :3 for myelin at the other extreme (6) . The lipids are mainly PC, phosphatidyl ethanolamine (PE), phosphatidyl serine (PS), sphingomyelin, and cholesterol . Some membranes are high in glycolipids, phosphotidylinositol, or cardiolipin . One thing that all the lipids have in common is amphiphilicity (52) .
There are two kinds of membrane proteins: peripheral and integral (12) . The former are operationally defined as ones easily removable by ionic manipulations and the latter by the need for detergents or other chaotropic agents, because they are hydrophobically bonded. Some are confined to one side of the bilayer (ecto-or endo- [7] ), and some penetrate it partially or completely. The dominant mass of this integral protein in most membranes is located in the polar regions of the bilayer . For example, in a recent neutron diffraction study of retinal rods Yeager et al . (155) estimated that the total mass of the rhodopsin molecule that can be in the anhydrous hydrocarbon region is 15-20%. The band-3 protein of erythrocyte membranes has only 19% of its mass in the penetrating component (156) . The bacteriorhodopsin molecule is an exception ; more than half its mass is in the hydrocarbon region (2, 157, 158) .
The operational definition of peripheral and integral membrane proteins does not hold strictly, as Singer noted in 1974 (12) . For example, ligatin (159) (160) (161) (162) (163) , an -10,000 d membranebinding protein, although hydrophobically bonded to lipid and hence integral by this criterion, can be removed by 10-40 mM Ca", taking with it a complement of lipid, mainly triphosphoinositol plus some PC and cholesterol . It is a highly negatively charged glycoprotein, which does not have a high complement of hydrophobic amino acids . Exactly how it is bound is not clear, but it resides in the external surface of certain membranes, where it functions to bind certain ectoproteins .
The Erythrocyte Membrane as an Example
Despite its specialization, the erythrocyte membrane has been more widely studied since 1971 than any other membrane . It is about 60 :40 protein:lipid by weight and contains at least a dozen well-defined proteins (10, 35, (164) (165) (166) (167) (168) (169) (170) . These are generally referred to by the numbers of the positions they assume as electrophoretic bands in polyacrylamide gels, following the terminology of Fairbanks et al. (164) (10, 35) ; and band 6 is glyceraldehyde-3-phosphate dehydrogenase (35, 183, 184) . Actin and spectrin are associated (35, 185) . Periodic acid-Schiff (PAS) positive 1 and 2 and band 3 are the major glycoproteins. PAS 1 and 2 are interconvertible sialoglycoproteins (35) identified with glycophorin A, a bloodgroup substance (186) that makes up 75% of this group although only -2% of the total protein (187) (190) (191) (192) studied this protein extensively . Its amino acid sequence has been determined (35, 192) . It contains a stretch of 20 hydrophobic amino acids that transverses the lipid bilayer . In common with all the glycoproteins, the carbohydrate moiety is external (35) . Band 3 is a transmembrane glycoprotein containing no sialic acid that makes up 20-25% of the total membrane protein (169) . It functions in anion transport (169) and can be chemically crosslinked with spectrin (193) . A number of other proteins, such as Na + K`ouabain-sensitive adenosine triphosphatase (ATPase) (194, 195) and acetylcholine esterase (AChe) are present in lesser amounts (35) . The former is believed to be a transmembrane protein . The latter is externally located (196) .
The Intramembrane Particle IMPS are clearly associated with proteins in membranes . In 1971, for example, Branton (133) found that the number of IMPs are reduced in red cell membranes treated with proteases. Pure lipid bilayers do not normally contain IMPs, although they may display some patterned substructure under some conditions (197) . Hong and Hubbel (198) showed in 1972 that addition of rhodopsin to bilayer vesicles cause the appearance of IMPs. However, in 1975 Deamer and Yamanaca (199) found that sarcoplasmic reticulum membranes treated with proteases to the extent that all their protein components were reduced to polypeptide fragments of 10,000 d or less still contained about the same number of IMPs, although they lost their dominant PF face orientation . Verkleij et al. (200) have shown that a pure mixed lipid system may, in the presence of Ca", display typical -100 A IMPs with corresponding pits in the complementary fracture faces. Attempts have been made to correlate the numbers of IMPs with the known numbers of copies of certain integral proteins. Although never exact, such correlations sometimes have appeared to be close (10) but in other cases no correlation at all was found (201) . Glycophorin A does not appear to be important in the production of IMPs, because it is absent in a rare blood type En(a-) (186, 209) , and there is no effect on the IMPs except for changes in the dynamic aggregation properties that suggest association of the cytoplasmic component of glycophorin with spectrin .
Because of the known association of some IMPs with protein there is a tendency to regard any IMP literally as a metalplated protein molecule. This oversimplification has led to much confusion in the literature. The exact nature of IMPs is not yet resolved .
The Erythrocyte Lipids
It has been known since 1971 that the distribution of the lipid constituents of the bilayer in erythrocytes is asymmetric (154, (171) (172) (173) (210) (211) (212) (213) (214) (215) (216) , with amino lipids located primarily in the internal monolayer and choline and sphingo lipids localized mainly in the external monolayer. This was first suggested by labeling experiments conducted in 1971 by Bretscher (171) (172) (173) , who showed that the relatively impermeant agent FMMP does not react with the amino phosphoglycerides in intact cells, whereas both PS and PE react in open ghosts. These experiments were somewhat inconclusive because they depended on the assumption that no major molecular rearrangements occur in ghosts . However, Gordesky and Marinetti (211) found in 1973 that trinitro-benzene sulfonate, a nonpenetrating reagent, did not label PS and only partially labeled PE in intact cells, thus agreeing with Bretscher's conclusions . Van Deenen (204) has reviewed the evidence from selective degradation of the phospholipids of intact erythrocyte and ghost membranes relating to this problem (215, 216) , and Adamich and Dennis (154) have reported similar findings with cobra venom phospholipase A 2. The enzymatic degradation and double-labeling experiments agree in general . Presumably, glycolipids are also localized in the outer monolayer because there are no sugar residues on the cytoplasmic surface .
Bretscher (210) pointed out in 1973 the significance of observations of Rouser et al . (217) on the fatty acid composition of the phospholipid of human erythrocytes in relation to the above. The amino lipids PE and PS contain much more 20 :4 and total polyunsaturated fatty acids than do the cholinecontaining phospholipids . Sphingomyelin contains much 16 :0, 24:0, and 24 :1 fatty acids . PS is highest in 18 :0 acids. Thus, the inner half of the bilayer contains more unsaturated lipids, whereas the outer half contains more saturated and longer chain lipids . Kornberg and McConnell (218) have shown that lipids do not become translocated spontaneously from one side of a model bilayer to the other (flip-flop) within a time span of hours, but they may do so fairly frequently within a time span of minutes in excitable membranes by special unknown mechanisms mediated by protein. In contrast, these authors (219) showed that lateral diffusion in PC bilayers is eight orders of magnitude more rapid . Van Deenan (214) noted that the flip-flop rate of phosphatidyl choline, which is virtually undetectable in bilayers, is speeded up by the addition of glycophorin .
Molecular spectroscopic studies in 1971 by
FLUIDITY Lipid
One kind of fluidity involves motion of the carbon chain relative to the head group; cholesterol influences this greatly. There is some evidence that cholesterol is localized to the outer half of the myelin membrane (108) and the erythrocyte membrane (220, 221) . It has been shown (222-224) that cholesterol has a condensing effect on phospholipids in monolayers or bilayers, decreasing the average area per lipid molecule . This implies that it makes the membrane more rigid. However, it also has the function of converting lipids in the stiff, extended (Ls ) conformation to the more liquid (La ) conformation (139, 140) , a function it shares with double bonds in the lipid carbon chains and higher temperature . This is due to the production of potential spaces in the center of the bilayer that result from cholesterol being shorter than most membrane lipids.
The term fluidity is used in another sense, in which whole lipid molecules diffuse laterally . An increase in the localized mobility of the individual hydrocarbon chains is not necessarily implicated . Still another kind of fluidity involves rotation of lipid molecules. Special techniques beyond the scope of this article are used to detect each of these various kinds of fluidity.
Lipid and Lipid-Protein Domain Fluidity
In still another kind of fluidity, aggregates of lipid molecules may diffuse as units either as free domains or together with protein constituents with which they are specifically associated. The ileum membrane of suckling rats (160-163) is a good example of lipid-protein domain fluidity.
There is also evidence that separate lipid domains may exist in membranes without necessarily being associated with protein. In 1978, Marinetti and Crain (213), using penetrating and nonpenetrating crosslinking probes, provided good evidence for the asymmetric distribution of phospholipids in erythrocyte membranes as well as for mosaic associations of groups of specific phospholipids and specific phospholipid-protein complexes . Shimshick and McConnel (225) found in 1973 that if two lipids differing in chain length by at least two carbon atoms are mixed and kept at a temperature above the phase transition of one and below that of the other, the lipids separate into two phases, one in the Lo and the other the L,# state . Ranck et al. (226) and Costello and Gulik-Krzywicki (197) showed that different lipid domains produce different textures in fracture faces in FFE preparations. Klausner phocyte membranes contain separate lipid domains . FFE studies of urinary bladder epithelial cell membranes (228-231) also suggest that such lipid domains exist and that they may be related to protein as well as to the production of artifactual Imps.
The spreading and mixing of fluorescent surface markers first described in 1970 by Frye and Ediden (147) , as well as studies of capping phenomena (232-237) of surface markers such as ferritin or fluorescently labeled lectins or antibodies represent a kind ofmosaic fluidity that probably involves both lipids and proteins.
THE PURPLE MEMBRANE : The purple membrane of H. halobium has been studied extensively since 1968 by Stoeckenius et al. (2, (238) (239) (240) (241) (242) (243) . This highly differentiated membrane, which pumps protons from the cell (241, 243) , appears in patches in the plasma membrane of H. halobium that contain a purple protein pigment molecule of 26,000 d called bacteriorhodopsin (BR) (240) , and unusual phospholipids (244) . Unwin and Henderson (157) (158) (159) showed that BR is arranged in the lipid bilayer core as a transmembrane protein in a hexagonal lattice with P3 space group symmetry and a lattice constant of 62 A. Seven alpha helices traverse the lipid bilayer for each molecule.
The isolated purple membrane probably should be regarded as a highly specialized residual skeletal membrane from which peripheral proteins have been removed during isolation, because there is no evidence that it exists in vivo as a naked bilayer . Similarly, Reynolds and Trayer (245) found that erythrocyte membranes could be stripped of up to 90% of their protein by treatment with dilute ionic solutions containing EGTA, producing degraded erythrocyte membranes . Thus, in terms of general membrane models, the isolated purple mem- 252 and 253) . The model contains nine charged residues buried in the hydrophobic core, but at least six are neutralized . BR is an inside-out protein, since there is a higher concentration of hydrophobic residues next to the lipid, with the hydrophilic residues tending to be more concentrated in the interior ofthe molecule (254, 255) . However, the part ofthe molecule embedded in the hydrocarbon region is dominantly hydrophobic. If one counts the hydrophobic and hydrophilic residues drawn in Fig. 6 within the hydrocarbon region of the bilayer, 73% are hydrophobic . The cytoplasmic surface stratum is 50% hydrophobic and the outside surface stratum is 58% hydrophobic . The average hydrophobicity [Ho (ave)] as defined by Bigelow (256) hydrophobicity toward the center of the membrane . This explains the distribution of heavy-metal stain in the sectioned membrane in which the protein is not stained (5, 249) . According to Zaccai and Engleman (254) , who studied the membrane by neutron diffraction, there is no suggestion of a hydrophilic channel that could support a column of water across the membrane through the molecule . They stated that no pockets in the protein contain 12 or more water molecules, and that their results exclude the possibility that passive transport occurs via a bulk water channel in the protein.
We shall now turn to the gap junction, the study of which has led to a much better understanding of membrane structure .
T H E G A P ) U N CT I O N :
In the early 1950s Sj6strand et al . (257) (258) (259) obtained some of the first electron micrographs of sections of epithelial cells in which surface membranes could be seen. They saw intercellular boundaries as dense lines <100 A thick next to cytoplasm separated by a clear interzone -160 .~wide (258) . They proposed that the clear zones represented lipid and the dense zones protein, based on Sjostrand's sections of nerve myelin in which the constituent membranes were first visualized (260) , and in which he correctly interpreted the dense strata to represent protein and the light strata lipid. In 1958, he and his colleagues (261) studied cardiac muscle and resolved the previously observed single dense lines that border the intercellular clear zones into two triple-layered structures, each -75 A thick . However, they interpreted these as monolayers of protein . They observed narrowing in the widths of the clear intercellular zones in some places which we can recognize today as gap junctions, but they evidently believed that these simply represented variations in the thickness of the intercellular lipid layers . They also observed desmosomes, and here there was some material between the membranes that stained . This led them to postulate that the desmosome was the site of electrotonic coupling. This is interesting historically because it illustrates particularly well the importance of the paradigm in the development of the field . The unit-membrane concept cleared up this matter by identifying each of the triplelayered structures seen at intercellular boundaries as a complete cell membrane, including a lipid bilayer and the clear -100-150 A gap between the membranes as highly hydrated extracellular space that could be varied in thickness experimentally . About the same time (in 1959) it was demonstrated that the gaps normally present between the Schwann cell membrane and the axon membrane in the internodal regions of myelinated nerve fibers were closed in thejuxta-terminal myelinated region at nodes of Ranvier (262) . The gaps were present between the Schwann cell nodal processes and the axon membrane . It was recognized that the gap closures at the node would function to prevent lateral flow of ions along the surface of the axon, thus facilitating saltatory conduction . The closure of the intercellular gaps in the myelin sheath was also necessary for saltatory conduction in the same sense. The term "external compound membrane" (92) was proposed for two such membranes in close contact. The development of the above concepts laid the basis for the understanding in the next decade of the functions of both the occluding junction and the gap junction.
Close contacts of membranes were first reported in the crayfish median-giant-to-motor synapses in 1953 (263), but were not understood. Later, in 1961, micrographs of the membranes in this synapse showed the unit membranes with complete closure of the synaptic cleft (264) . Furshpan and Potter (265) showed in 1959 that this synapse was an electrical rectifying one, and the significance of the closure of the cleft as a possible morphological basis for electronic coupling was immediately apparent . Karrer and Cox in 1960 (266) described membrane contacts in intercalated disks in cardiac-type muscle in mouse thoracic and lung veins, and referred to them as "external compound membranes." They recognized their probable function as sites of transmission of excitation between muscle cells. They were thus the first to publish clear electron micrographs of thin sections of what are now called gap junctions and to deduce their function correctly .
In 1962, Furshpan and Furakawa (267) found evidence in the Mauthner cell of the goldfish medulla of the presence of electrical synapses, and Furshpan presented evidence (268) that these were the club endings of Bartelmez (269) on the lateral dendrite. Thin sections of these endings showed membrane contacts -0.3-0.5 pm in diameter in each club ending. In frontal view, these junctions showed a hexagonal array of subunits with a lattice constant of 80-90 A which had not been seen before (Figs. 7 and 8 ). These contacts were called "synaptic disks" (270) (271) (272) . Figure 9 (273) is a FFE micrograph of such a junction . Dewey and Barr (274, 275) independently found evidence of electrical contacts between smooth and cardiac muscle fibers and discovered a structure very similar to the synaptic disk that they related to electrical transmission, although, like Karrer and Cox, they did not observe substructure in the membranes. They called these contacts "nexuses ." In 1965, Bennedetti and Emmelot (276) observed membranes with patterns like the synaptic disk in negatively stained membrane fractions isolated from liver. Later they identified these as tight or occluding junctions (277) .
Farquhar and Palade in 1963 (278) proposed a set of terms for the various junctions seen in epithelial tissues. In earlier work with sections of intestinal epithelium (Fig . 34 in reference  96 ) and in mesaxons of myelinated nerve fibers (Fig. 34 in  reference 264) , regions of focal partial fusion were noted in which unit membranes came into close contact and the overall thickness was reduced to well below twice the thickness of one unit membrane. At the same time, the two external dense strata disappeared focally and the light central zones merged for distances of~100 A or so. These were regarded as zones of focal partial molecular fusion . Farquhar and Palade (278) (279) (280) , in surveying various epithelia in sections, saw these structures FIGURE 7 Transverse section of gap junction from a club ending on the lateral dendrite of the Mauthner cell in a goldfish brain . The two membranes are closely apposed and a beading is seen in the region of contact repeating in a period of about 80 A. This preparation was fixed in potassium permanganate and embedded in Araldite . Under these conditions the gap in the junction does now show up . This structure was called a "synaptic disc" in the original publication in which it was presented in 1963 (271 Frontal View of a gap junction similar to the one presented in Fig . 7 reproduced from the same paper (271) . Note that a fairly regular hexagonal array of facets was seen. Each facet has a dense border about 25 A wide surrounding a clear zone in the center of which is a spot about [20] [21] [22] [23] [24] [25] A in diameter. x 134,000 .
and correctly deduced their function in limiting lateral diffusion of material between cells . They visualized them as belthke structures around the junctions of epithelial cells designed to limit passage of material between cells. They called them "zonula occludens," but also used the older term "tight junction." They noted the punctate regions of partial membrane fusion, and referred to them as membrane "pinches ." Figure  10 is a FFE micrograph of an occluding junction (281) . The ridges correspond to the punctate regions of partial fusion in sections . Farquhar and Palade (278) emphasized the close contact of the intervening membranes, which they called regions of membrane "fusion," using fusion in the sense of close apposition. They included the "nexus" (274) in the same class as the "tight" junction . They distinguished two other types of junction, the zonula adhaerens and the macula adhaerens, to both of which they assigned an attachment function . The zonulae occludens and macula adhaerens had been described by light microscopists and called respectively "terminal bars" and "desmosomes ."
A matter related to the evolution of this field is the use of lanthanum as a tracer. Lettvin et al . (282) noted that La. .. acted in the peripheral nervous system like a "super Ca+ +." W . F. Pickard synthesized La(Mn04)3 and Doggenweiler and Frenk (283) used it as a fixative in 1965 . They noted that La+++, either introduced in this way or added by incubation in La(NO3 )3 before fixation, imparted great density in the intercellular substances of the nervous system. Revel and Kamowski (284) in 1967 then developed an extracellular tracer technique based on this work, by combining lanthanum salts with glutaraldehyde . Extracellular spaces were stained generally and the techniques showed up regions of close contact between epithelial cells in a variety of different tissues which resembled very much the synaptic disc after KMn0 4 fixation . In order to 1985 THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 distinguish these junctions sharply from the "tight" junctions or occluding junctions described earlier by Farquhar and Palade (278) (279) (280) , they applied to them the term "gap junction." The term is now almost universally used despite the suggestion by Siminoescu et al. (285) that these junctions be called "maculae communicantes," or communicating junctions.
In 1968, Kreutziger (286) produced the first electron micrographs of FFE preparations of gap junctions. He observed on one fracture face particles in a roughly hexagonal array with a center-to-center spacing of 80-90 A and, on the other, a corresponding pattern of pits (see Fig . 9 ). Unfortunately, he misidentified the fracture faces and placed the particles in the EF face. This was carried on by others (273, 287, 288) until Chalcroft and Bullivant (289) Peracchia (292, 293) has shown that in the crayfish lateral giant septal gap junctions the IMP localization in the fracture faces is reversed; i .e., the particles are in the EF faces and pits in the PF faces. The particles, though in rough hexagonal array, are spaced about twice as far apart (-200 A) and the gap is distinctly wider (40-50 A) . Peracchia and Dulhunty (294) also found that the particles are much more tightly and regularly arrayed (150-155 A spacing) if the junctions are uncoupled by treatment with Ca"-and Mg'-free solutions with EDTA, or by dinitrophenol .
Peracchia extended these studies to rat gap junctions (295) and again found that coupled junctions have looser, less regular particle arrays spaced at -103-105 A, whereas uncoupled ones have more tightly packed particles spaced at -85 A.
Gap junctions are involved in intercellular communication in many different animals and tissues . A large literature has developed around combined microelectrode and structral studies of intercellular communication by use of fluorescent dyes and other substances, dating back to early studies by Lowenstein from 1966 onwards (296) Freeze-fracture preparation of a gap junction taken from Goodenough and Revel (273) . Note that the junction consists of rather irregular arrays of particles alternating with regions in which pits are seen . The particles are located on the PF face of one of the junctional membranes and the pits are located in the EF face . x 102,500. Gilula in 1978 (315) and Hertzberg and Gilula in 1979 (316)-47,000 d and 27,000 d .
In 1979, Henderson et al. (317) clarified some of these conflicting reports . They avoided enzyme treatments for purification, used 6 M urea (310) in the isolation procedure, and avoided boiling in sodium dodecyl sulfate (SDS) . They concluded that there were only two molecular species present at 26,000 d and 21,000 d, and that the smaller one was probably a degradation product . The higher molecular-weight components were considered to result from aggregation of the hydrophobic 26,000 d components in boiling SDS . This component was reduced to 13,000 d by trypsin treatment . They performed amino acid analyses on the 26,000 d fragment and noted that it had a hydrophobicity index discriminant function, Z = 0 .322, referring to the classification of Barrantes (318) , who found that integral membrane proteins all have Z values in excess of -0 .317. The trypsin-treated protein showed a distinct increase in Z value to 0.589, due to a reduction in the total content of hydrophilic amino acids . They concluded that the 13,000 d trypsin-resistant component was probably buried in the lipid ROBERTSON Membrane Structure FIGURE 10 Freeze-fracture of zonnula occludens between glutaraldehyde fixed epithelial cells in the ileum of an adult rat . After fixation the junction features a characteristic belt like network of branched and anastomosing ridges (R) on the PF face and corresponding furrows on the EF face . Microvilli (MV) are seen above . An extensive PF face is seen below . x 42,380. as the transmembrane part of the molecule . They also noted that there is a very high molar ratio of cholesterol in the junctions despite the detergent treatment, and suggested that it plays a structural role. the junctions. They supposed that flow through these channels was regulated by variations in the diameter of the channel in the region between the two membranes. They applied the name "connexon" for the complete channels that run across each of the two membranes of a given junction .
It has long been clear that some sort of transverse channel structure is present in the unit membranes of the junctions.
Lowenstein, for example, has shown that molecules up to 20 A in diameter can pass through (300) . However, electron micrographs failed to show direct evidence of any such pore. Thus, Zampighi and Robertson, in 1974, (325) found that it was possible to degrade the isolated junction selectively by treating it with EDTA or EGTA. After treatment, the junction broke up into fragments that consisted of only a few of the repeating units, some of which were found to he on their side in negative stain . No evidence of transverse channels was found. A channel -20 A in diameter would be expected to fill and be seen under these conditions, because there is a comparable hole in tobacco mosaic virus that fills readily with PTA (326) . It was concluded that the channel must be smaller than the -20 A suggested by the size of the stain accumulation between the two membranes . This brought into focus the problem of the nature of the channel . Obviously, one possibility would be a tubular struc200s THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 ture consisting, perhaps, of something like a fl-pleated sheet of polypeptide chains rolled into a cylindrical form with hydrophobic residues on the outside and hydrophilic residues inside that form a channel -20 A in diameter. However, this would be seen in electron micrographs . To be sure, others claim to have seen the expected structure, but the evidence presented (306, 307, 324) was not acceptable (see reference 5). Thus, it seemed unlikely that the earlier models (308, 322, 323) were correct.
Zampighi et al. (327) have reported recently on a gapjunction fraction (313) studied in thin sections and by negative staining using stereo-image analysis techniques . The major conclusion reached was that transverse channels could not be seen clearly in sections nor in edge-one views of the junctions in negative-stain preparations . Tilt studies showed clearly that the -20 A pools of strain seen in frontal views of negativestain preparations did not exist as columns running through the two junctional membranes.
Zampighi and Unwin (328, 329) pursued these studies by employing a minimal-dose electron microscope technique (157, 158) . They worked out the three-dimensional (3-D) structure to a level of 18 A resolution . They concluded : localized to the core of each bilayer. These results led them to postulate a heuristic model for the junction with the six subunits arranged diagonally across the bilayer . Fig. 11 from Zampighi and Unwin (328) shows contour maps of cross sections of one membrane of junctions in each of the two states . From the above it is clear that the channel in the closed state is a hydrophobic structure overall . It reacts to heavy-metal stains like BR in the purple membrane. How can this be reconciled with the function of the channel? We know that the channel must be able to pass hydrophilic molecules up to -20 A in diameter (294) . However, in isolation the channels are hardly penetrable by much smaller heavy-metal stain molecules. Clearly, the core part of the channel must be a dynamic structure capable of marked changes. There must be more hydrophobic amino acid residues in the core than hydrophilic ones, as in the purple membrane, but there must be some way for the hydrophilic residues to be arranged to make a transverse hydrophilic channel up to^20 A in diameter in the open condition, but still able to return to a very different arrangement in the closed state . It will be exciting to see how the evidence develops as we learn more about this fascinating structure and are able to arrive at a precise understanding of how it is constructed and functions .
Conclusion
This chapter has attempted to trace the evolution of our ideas about the molecular structure of cell membranes as embodied in various paradigms. The FM model provided a There is a slight opening in the center of the connexon to the top state (a) . In the transition between the two states matter moves toward the connexon axis (vertical arrow) to close the slight opening in the cytoplasmic surface in going from a to b . very useful membrane paradigm for the 1970s. It focused attention on transmembrane proteins and membrane fluidity at a time when these features of membranes were coming to the forefront of membrane research . The model served a very useful purpose in emphasizing the importance of transmembrane proteins . However, as with all models, oversimplifications inevitably occurred. It became obvious almost immediately that the fluidity element had been greatly exaggerated and that depicting much of the bilayer as naked was incorrect . The model also has been misleading in suggesting that there is quantitatively more protein in the hydrophobic core of the bilayer than in most membranes . Also, the model has led some to regard the ubiquitous IMPS as metal-plated protein molecules . It is now apparent that IMPs are more complex . Even when related to transmembrane proteins, they do not give a faithful representation of those proteins . Polypeptides are present in the bilayer core in much smaller quantity than the number and size of the IMPs suggest . Finally, the FM model has supported the concept of permanent hydrophilic, waterfilled, transmembrane channels (12, 316) , for which there is no structural evidence, It is thus quite clear that the FM model needs to be revised in significant ways, although some of its features remain valid. Fig. 12 presents in a highly schematic FIGURE 12 Highly schematic diagram of model of a cell membrane . The lipid bilayer core is represented by the joined circle and rectangular figures. The asymmetry in the lipid bilayer discussed in the text is represented by filling in the nonpolar carbon chain regions (rectangles) and head groups (circles) of the lipid molecules in one half of the bilayer . The protein constituents are cross-hatched differently to indicate the asymmetry of the inner and outer protein components and the existence of transmembrane protein components is indicated by a third cross hatch pattern . The presence of sugar residues in the external surface of the membrane is represented by the branched chains of joined hexagons in the external surface . 
